NAD-dependent glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is a ubiquitous enzyme involved in the glycolytic pathway. It has been widely demonstrated that mammalian GAPDH, in addition to its role in glycolysis, fulfills alternative functions mainly linked to its susceptibility to oxidative posttranslational modifications. Here, we investigated the responses of Arabidopsis (Arabidopsis thaliana) cytosolic GAPDH isoenzymes GAPC1 and GAPC2 to cadmium-induced stress in seedlings roots. GAPC1 was more responsive to cadmium than GAPC2 at the transcriptional level. In vivo, cadmium treatments induced different concomitant effects, including (1) nitric oxide accumulation, (2) cytosolic oxidation (e.g. oxidation of the redox-sensitive Green fluorescent protein2 probe), (3) activation of the GAPC1 promoter, (4) GAPC1 protein accumulation in enzymatically inactive form, and (5) strong relocalization of GAPC1 to the nucleus. All these effects were detected in the same zone of the root tip. In vitro, GAPC1 was inactivated by either nitric oxide donors or hydrogen peroxide, but no inhibition was directly provided by cadmium. Interestingly, nuclear relocalization of GAPC1 under cadmium-induced oxidative stress was stimulated, rather than inhibited, by mutating into serine the catalytic cysteine of GAPC1 (C155S), excluding an essential role of GAPC1 nitrosylation in the mechanism of nuclear relocalization, as found in mammalian cells. Although the function of GAPC1 in the nucleus is unknown, our results suggest that glycolytic GAPC1, through its high sensitivity to the cellular redox state, may play a role in oxidative stress signaling or protection in plants.
Plants are exposed to several biotic and abiotic stresses. Among the latter, drought, salinity, extreme temperatures, anoxia, excess light, xenobiotics, and heavy metals dramatically affect plant growth and development as well as crop yield (Jaspers and Kangasjärvi, 2010; Urano et al., 2010; Kosová et al., 2011) . Plants have developed sophisticated signaling mechanisms that link the perception of the stress signals to specific responses, such as up-or down-regulation of stressresponsive genes (Yamaguchi-Shinozaki and Shinozaki, 2006) . Reactive oxygen and nitrogen species (ROS and RNS, respectively) and phosphorylation cascades of mitogen-activated protein kinases (MAPKs) play a prominent role in these processes (Rodriguez et al., 2010) .
ROS and RNS are also produced under physiological conditions and their levels held in check by low-M r reductants (e.g. glutathione and ascorbate; Foyer and Noctor, 2011) and enzymatic antioxidant systems (e.g. catalases, peroxidases, thioredoxins, and glutaredoxins; Meyer et al., 1999; Apel and Hirt, 2004; Foyer and Noctor, 2005) . Various physiological processes are regulated by ROS and RNS, particularly in roots (e.g. transition from cell proliferation to cell differentiation [Tsukagoshi et al., 2010] , apical growth of root hairs [Foreman et al., 2003] , and lateral root formation [CorreaAragunde et al., 2004] ), but also in leaves (e.g. stomata movements [Kwak et al., 2003] ).
However, when plants are exposed to different types of stress, the production of ROS and RNS can overwhelm the scavenging capacity of the cell, thereby leading to accumulation of these reactive molecules with the establishment of oxidative stress conditions (Apel and Hirt, 2004; Møller et al., 2007; Valderrama et al., 2007; Corpas et al., 2008) . Interestingly, multiple MAPK modules that mediate oxidative stress responses are not only induced by ROS, but can also regulate ROS levels by stimulating catalase activities (Rodriguez et al., 2010) . Moreover, ROS and RNS do interact in vivo. For instance, programmed cell death was induced by a combination of hydrogen peroxide (H 2 O 2 ) and nitric oxide (NO; Delledonne et al., 2001) , and MAPKs were shown to regulate NO levels upon H 2 O 2 induction (Wang et al., 2010) .
Implication of ROS and RNS (chiefly H 2 O 2 and NO) in redox signaling probably stems from their capability to induce posttranslational modifications of target proteins (Foyer and Noctor, 2005; Foyer and Noctor, 2009; Yu et al., 2012) . Cysteines that are made reactive by their particular protein environment can be primarily oxidized to sulfenic acids (-SOH) by H 2 O 2 and further oxidized to sulfinic or sulfonic forms (-SO 2 H and -SO 3 H, respectively) over prolonged oxidative stress (Poole et al., 2004) . Alternatively, sulfenic cysteines can form disulfide bonds with other protein cysteines (-SS-) or with glutathione (-SSG, glutathionylation; Zaffagnini et al., 2012a Zaffagnini et al., , 2012b . NO can also modify reactive cysteines, giving rise to nitrosothiol groups (-SNO; BessonBard et al., 2008; Yu et al., 2012) . While sulfinic and sulfonic modifications are irreversible, all other types of redox modifications (-SOH, -SSG, -SS-, and -SNO) can be recovered by physiological redox active systems involving glutaredoxins, thioredoxins, and low-M r reductants such as reduced glutathione (GSH) and NADPH. In this manner, glutathione, the major thiol-based redox buffer of plant cells , may regulate redox signaling pathways (Zaffagnini et al., 2012b) . For example, protein Tyr phosphatase, known to regulate the intensity and duration of signals involving MAPK modules (Gupta and Luan, 2003; Rodriguez et al., 2010) , is itself regulated by redox modification of active site cysteines (Dixon et al., 2005) .
Not surprisingly, several proteomic studies have recently reported that H 2 O 2 , NO-donors, and biotic and abiotic stresses applied to plants may affect the redox state of reactive protein cysteines, in addition to affecting their transcriptomic and proteomic profiles Polverari et al., 2003; Parani et al., 2004; Lindermayr et al., 2005; Herbette et al., 2006; Roth et al., 2006; Sarry et al., 2006; Besson-Bard et al., 2008; Romero-Puertas et al., 2008; Astier et al., 2011) . Because of the high reactivity of its catalytic Cys, cytosolic glyceraldehyde 3-P dehydrogenase (GAPDH) has been identified as a target of different types of redox modifications (Hancock et al., 2005 (Hancock et al., , 2006 Lindermayr et al., 2005; Holtgrefe et al., 2008; Bedhomme et al., 2012) .
Plant GAPDHs are abundant and ubiquitous enzymes playing essential metabolic roles in glycolysis and photosynthetic carbon assimilation. However, a pea (Pisum sativum) chloroplast GAPDH isoform has been shown to have uracil DNA glycosylase activity (Wang et al., 1999) , and in mammals, GAPDH was shown to fulfill additional nonmetabolic functions, including posttranscriptional regulation, maintenance of DNA integrity, and apoptosis (Sirover, 2011; Tristan et al., 2011) . In rat cells, stress conditions may cause nitrosylation of GAPDH catalytic Cys and interaction with Seven in absentia homolog1 (Siah1; an E3 ubiquitin ligase), whose nuclear localization signal drives the GAPDH-Siah1 complex into the nucleus, where the ubiquitinating activity of Siah1 promotes apoptosis (Hara et al., 2005) . On the other hand, nitrosylated GAPDH was found to mediate transnitrosylation of nuclear proteins, an activity that could further propagate the redox signal (Kornberg et al., 2010) . However, alternative mechanisms have been proposed in which GAPDH translocation to the nucleus is independent on both nitrosylation and Siah1 (Sirover, 2011) .
Here, we studied the behavior of the two Arabidopsis (Arabidopsis thaliana) cytosolic GAPDH isoforms GAPC1 (At3g04120) and GAPC2 (At1g13440) under oxidative stress conditions imposed by the common soil pollutant cadmium (Sanità di Toppi and Gabbrielli, 1999) . The expression of both genes was stimulated by cadmium, but GAPC1 was the more responsive one. Through the generation of transgenic plants expressing either a transcriptional or a translational GAPC1 reporter, we demonstrated that the oxidative stress induced by cadmium treatment stimulated a transient increase of GAPC1 promoter activity and a steady accumulation of the GAPC1 protein in an inactive state. In vitro studies underlined the sensitivity of Arabidopsis GAPC1 activity to treatment with H 2 O 2 and NO donors, whereas no inhibitory effect was observed in the presence of cadmium under conditions tested. Interestingly, in Arabidopsis roots, the cadmium-dependent oxidative stress induced a massive accumulation of GAPC1 in the nucleus. This process could be mimicked and amplified by mutation of GAPC1 catalytic Cys, thus demonstrating that nitrosylation of GAPC1 is not a requisite for nuclear relocalization, as previously observed in mammalian cells (Hara et al., 2005) . To our best knowledge, this is the first demonstration that GAPDH can be translocated to the nucleus of plant cells under oxidative stress conditions.
RESULTS

Cadmium Induces Accumulation of NO and Cytosolic Oxidation in Arabidopsis Root Tips
Cadmium, a common soil pollutant (Sanità di Toppi and Gabbrielli, 1999) , has been reported to induce accumulation of NO and ROS in plant cells (Cho and Seo, 2005; Besson-Bard et al., 2009; De Michele et al., 2009; Cuypers et al., 2011) . In our hands, 1-week-old Arabidopsis seedlings exposed to different concentrations of cadmium (0.1-0.4 mM) for 24 h displayed a browning region in the root tip, particularly apparent in differentiation and transition zones (Supplemental Fig. S1 ). However, treatment with 0.1 mM cadmium could be prolonged for up to 72 h without affecting cell viability, although root tip morphology was clearly altered and root hair formation was induced (Supplemental Fig. S1 ). Treatments with 0.1 mM cadmium for up to 72 h were therefore adopted in the following experiments aimed at testing the capability of cadmium to induce oxidative stress conditions in Arabidopsis seedlings.
In vivo analysis of NO levels was performed with 4-amino-5-methylamino-29,79-difluorofluorescein (DAF-FM) diacetate as a membrane-permeable NO-sensitive indicator (Kojima et al., 1998; Zottini et al., 2007) . Cadmium treatment induced NO accumulation at 24 h and was still detected at 72 h (Fig. 1A) . The effect of cadmium on the cellular redox state was assessed by using Arabidopsis transgenic seedlings expressing free redox-sensitive (ro)GFP2 (localized in the cytosol and nucleus [Meyer et al., 2007] ). The roGFP2 is a redoxsensitive fluorescent probe that can exist in either reduced (dithiol, -SH HS-) or oxidized (disulfide, -SS-) forms, each with a different excitation spectrum. In vivo, the redox state of roGFP2 depends on the redox potential of glutathione (itself a function of the [GSH] 2 / [GSSG] ratio; Meyer et al., 2007) , but possibly also by other molecules (e.g. ROS and RNS) that might react with roGFP2 redox-sensitive cysteines. After 24 h of cadmium treatment, a slight increase in the 405/488 nm probe ratio reflected an increased oxidation of the roGFP2 probe. After 72-h cadmium treatment, this increase was dramatic (Fig. 1B) . A similar effect was observed by treating the roGFP2-seedlings with the catalase inhibitor 3-amino-1,2,4-triazole (3-AT; Fig. 1C ; Gechev et al., 2005) or with exogenous H 2 O 2 (data not shown). In spite of the clear effect, it is difficult to assess whether the oxidation of the roGFP2 probe upon treatments with cadmium, 3-AT, or H 2 O 2 might be mediated by a partial oxidation of the glutathione pool or alternatively achieved by other means (e.g. direct oxidation by H 2 O 2 ). In any case, the results of Figure  1 clearly showed that cadmium treatments poise the cellular redox state to more oxidizing conditions. In addition to causing the oxidation of the redox probe roGFP2, these conditions are likely to cause oxidation of several reactive cysteines present in the cell.
In Root Tips, Cadmium Induced Transient Activation of GAPC1 Promoter and Steady Accumulation of GAPC1 Protein in Inactive State Arabidopsis contains two genes coding for cytosolic GAPDHs, namely GAPC1 (At3g04120) and GAPC2 (At1g13440; http://www.arabidopsis.org). Our quantitative real-time reverse-transcription (RT)-PCR analysis of whole seedlings revealed that both genes were up-regulated after 24-h cadmium treatment, with GAPC1 being clearly more responsive to the treatment than GAPC2 (Fig. 2) . Following experiments were thus focused on GAPC1.
To investigate the effect of cadmium on GAPC1 expression at the cellular and subcellular level, two different Arabidopsis transgenic lines were generated: (1) a transcriptional reporter line harboring the GUS gene under the control of the GAPC1 promoter sequence (2633 to 21 from the ATG start codon; Supplemental Figs. S2A and S3) and (2) a translational reporter line harboring the chimeric GAPC1-YFP (for yellow fluorescent protein) gene under the control of the same GAPC1 promoter sequence. For each expression cassette, several independent transgenic lines were isolated (Supplemental Fig. S2, A and B) . The lines showing a similar expression pattern were used for further analyses, and these selected lines did not show changes in growth and morphology when compared with wild-type plants (data not shown). The western blot performed with total proteins extracted from the three selected translational reporter lines showed the presence of a band at the expected size recognized by the GFP antibody (Supplemental Fig. S2B ). The GAPC1 promoter activity was detected throughout plant development, from seedlings (Supplemental Fig. S3A ) to mature plants (Supplemental Fig. S3B ), and was found to be expressed in root, rosette and cauline leaves, flowers, and silique abscission zone (Supplemental Fig. S3B ).
Transgenic Arabidopsis seedlings transformed with the transcriptional reporter pGAPC1::GUS treated with 0.1 mM cadmium showed an increased promoter activity in root tips at 24 h (Fig. 3, A and B) , in agreement with quantitative real-time RT-PCR analysis of whole seedlings (Fig. 2) . Quantitative determination of GUS activity showed a progressive decrease after 24-h treatment and reached control levels at 72 h (Fig. 3B) , although GAPC1 promoter activation at this time point was still revealed by histochemical staining (Fig. 3A) . At the cellular level, cadmium induced GAPC1 promoter activity both in elongating and differentiating cells, whereas the activity of the promoter appeared restricted to elongating cells in control roots (Fig. 3A) .
Same experiments were performed on seedlings expressing the translational reporter GAPC1-YFP under the control of the GAPC1 promoter. Confocal microscope analyses (Fig. 3C ) revealed the accumulation of GAPC1-YFP in elongating and differentiating cells, starting from 24-h cadmium treatments. After 48 and 72 h, GAPC1-YFP was accumulated also in the apical meristem and in differentiated root cells (Fig. 3C) , pairing with the spread of the GUS histochemical signal of Figure 3A . Western-blot analyses of total proteins extracted from roots of control and 72-h-cadmiumtreated seedlings confirmed that the increased fluorescence of Figure 3C was reflecting the accumulation of the GAPC1-YFP chimeric protein (Fig. 3D) .
In spite of the induction of GAPC1 protein accumulation, 72-h cadmium treatments had no stimulating effects on the extractable NADH-specific GAPDH activity of whole seedlings (Fig. 4D) . However, the interpretation of this result was complicated by the fact that the Arabidopsis genome codes for four different Figure 2 . Quantitative real-time RT-PCR expression analysis of GAPC1 and GAPC2 genes in 7-d-old Arabidopsis wild-type seedlings treated with 0.1 mM cadmium for 24 h. The relative expression values of GAPC genes are related to the expression levels in control roots (set to 1). Values represent mean 6 SD of relative quantification value of three experiments performed by using templates from three independent biological samples. Asterisks indicate expression levels that are significantly different from those found in control seedlings as calculated by Student's t test (*P , 0.001 and **P , 0.01). GUS transgenic seedlings treated with 0.1 mM cadmium for 24, 48, and 72 h. The GUS activity assay was performed using total protein extracts from 600 roots in three independent experiments. The relative activity values of GUS are related to the activity in control roots (set to 1). Asterisks indicate GUS activity levels that are significantly different from those found in control roots as calculated by Student's t test (*P , 0.001). C, Confocal images of 7-d-old Arabidopsis pGAPC1:: GAPC1-YFP transgenic seedlings treated with 0.1 mM cadmium for 24, 48, and 72 h. D, Two and one-half micrograms of total protein extracts from roots of 7-d-old Arabidopsis pGAPC1::GAPC1-YFP transgenic seedlings in control conditions or treated with 0.1 mM cadmium for 72 h were assayed by immunoblot analysis using a GFP antibody. Coomassie Blue was used as loading control. The blot was repeated twice.
NADH-specific GAPDH isoforms (i.e. two cytosolic GAPC and two plastidial GAPCp; Rius et al., 2008; Muñoz-Bertomeu et al., 2010; Guo et al., 2012) . To simplify the picture, knockout homozygous mutants for either GAPC1 or GAPC2 genes were thus isolated (see "Materials and Methods"; Fig. 4 , A and B), and real-time PCR analysis revealed the complete absence of either GAPC1 or GAPC2 transcripts in their respective insertional mutant lines (Fig. 4C) . Interestingly, no compensatory effects were observed, as neither GAPC2 nor GAPC1 transcript abundance was significantly affected in gapc1 and gapc2 mutants, respectively. Real-time PCR analysis also revealed a higher level of GAPC2 than GAPC1 transcripts in wildtype seedlings (Supplemental Fig. S4 ), consistent with published microarray data (Winter et al., 2007) . In seedlings of each mutant line, the catalytic activity associated to NADH-specific cytosolic GAPDH isoforms (see "Materials and Methods") was reduced to about 50% of the wild-type level ( Fig. 4D ), suggesting that both GAPC isoforms may similarly contribute to glycolysis in wild-type plants, with little or no contribution by GAPCp isoforms. Given the different expression of GAPC2 and GAPC1 transcripts (Supplemental Fig. S4 ), this result also suggests that regulatory mechanisms acting downstream of transcription would reequilibrate the GAPC1/GAPC2 ratio in terms of catalytic activity.
Cadmium treatments of gapc1 and gapc2 mutant seedlings induced a moderate increase of NADH-specific GAPDH activity in gapc2 but no effects in gapc1 mutant, implying specific activation of GAPC1. The effect, however, was small (+20%), undetectable in wild-type seedlings ( Fig. 4D ) and hard to compare with the increase of GAPC1-YFP protein observed under identical experimental conditions (Fig. 3, C and D) . These results seem thus to suggest that cadmium induced GAPC1 accumulation in an inactive form.
The reducing agent dithiothreitol (DTT) could not restore the activity of cadmium-overexpressed GAPC1 (Fig. 4D ), indicating that reversible redox modifications of GAPC1 catalytic Cys (i.e. sulfonation, nitrosylation, or glutathionylation; Bedhomme et al., 2012) were not the cause of the apparent inactivation. Interestingly, Fourrat et al. (2007) showed that treatments of the protozoan Tetrahymena pyriformis with either sodium nitroprusside (NO donor) or H 2 O 2 led to a dramatic increase of GAPDH protein level without affecting total enzymatic activity.
Catalytic Activity of Recombinant GAPC1 Is Sensitive to NO and H 2 O 2 , But Not to Cadmium
The direct effect of NO, H 2 O 2 , and cadmium on GAPC1 catalytic activity was investigated with the recombinant enzyme. Recombinant GAPC1 was inhibited by both NO (delivered by diethylamine [DEA]-NONOate) and H 2 O 2 in a time-and concentration-dependent manner (Fig. 5, A and B) . The reducing agent DTT could restore Arrowheads indicate the position of the primers used to screen homozygous mutants. B, PCR analysis of GAPC1 and GAPC2 genes performed on genomic DNA from the wild type and homozygous gapc1 and gapc2 mutants. The upper bands correspond to the amplification of wild-type alleles, and the lower bands correspond to mutated alleles. C, Quantitative real-time RT-PCR expression analysis of GAPC1 and GAPC2 genes in Arabidopsis wild-type and homozygous gapc1 and gapc2 mutant seedlings. The relative expression values are related to the expression levels of the same genes in the wild-type background, which were set to 1. Note that in control conditions the GAPC2 is expressed 100 times more than GAPC1 (Supplemental Fig. S4 ). Values represent mean 6 SD of relative quantification value of three experiments performed by using templates from three independent biological samples. ND, Not detected. D, NADH-specific cytosolic GAPDH catalytic activity analyses performed with total protein extracts from 7-d-old Arabidopsis wild-type, gapc1, and gapc2 mutant seedlings treated with 0.1 mM cadmium for 72 h. Protein extracts were also treated with 10 mM DTT for 15 min and reported in the same graph. The relative activity values of control mutant seedlings and wild-type treated seedlings are related to the activity in control wild-type seedlings, which was set to 100 (corresponding to 418 6 42 nmol min -1 mg -1
). Asterisks indicate activity levels that are significantly different from those found in control seedlings as calculated by Student's t test (**P , 0.01). [See online article for color version of this figure.] the activity of the NO-treated enzyme (Fig. 5C ). In vitro inactivation by H 2 O 2 was instead irreversible (Fig. 5D) , although GSH was previously demonstrated to protect GAPC1 from H 2 O 2 inactivation via glutathionylation of transiently oxidized GAPC1 sulfonate and recovery by glutaredoxins or thioredoxins (Bedhomme et al., 2012) . It is thus concluded that both NO and H 2 O 2 treatments of GAPC1 might result in a reversible inhibition of the enzyme in vivo, provided that GSH is available for recovery. On the other side, the activity of recombinant GAPC1 proved to be insensitive to cadmium treatment (0.1 mM; Fig. 5E ).
Evidence That GAPC1 Expression Is Affected by Glutathione Status
In further investigations, cytosolic oxidation was alternatively obtained by treating seedlings with Lbuthionine-sulfoximine (BSO), an inhibitor of glutathione biosynthesis (Griffith, 1982) , for 24 h (Fig. 6A ). The oxidizing effect of BSO (1 mM), monitored by analyzing roGFP2 seedlings' response, was comparable to that of cadmium (0.1 mM), and oxidation of the roGFP2 probe was severe when the seedlings were cotreated with both compounds. Same treatments applied to pGAPC1::GUS and pGAPC1::GAPC1-YFP seedlings showed that BSO itself induced both GAPC1 promoter activity and protein accumulation in the seedling root tips, as compared with control condition (Fig. 6 , B and C). The effect was again amplified in seedlings treated with both BSO and cadmium together (Fig. 6 , B and C). By contrast, 24-h treatment with GSH (1 mM) had opposite effects on both GAPC1 promoter activity and protein accumulation in root tips (data not shown). The BSO effect strongly suggests a link between the increased GAPC1-YFP accumulation and the cellular redox status, independently from the presence of cadmium. This observation was also strengthened by the fact that treatments with the catalase inhibitor 3-AT did also induce GAPC1-YFP accumulation (data not shown). Taking together the data shown in Figure 6 , it can be observed that BSO affects the roGFP2 signal more than cadmium, but cadmium affects GAPC1 expression more than BSO, and that BSO and cadmium act synergistically or additively on both factors. This could reflect the fact that cadmium depletes the glutathione pool (for phytochelatin synthesis; De Michele et al., 2009) and generates ROS or other oxidants, whereas the effect of BSO is largely confined to depletion of the glutathione pool.
Cadmium Induces Nuclear Relocalization of Inactive GAPC1-YFP Chimeric Protein
A subcellular localization analysis of root tips of pGAPC1::GAPC1-YFP seedlings treated for 72 h with cadmium showed a nuclear accumulation of GAPC1-YFP chimeric proteins in cells of the transition/elongation zone (Fig. 7B) . Interestingly, green fluorescent nuclei were observed also in root epidermal cells induced to differentiate into root hairs under the effect of cadmium (Fig. 7B) . Hara et al. (2005) described the nuclear relocalization of GAPDH in rat cells under oxidative stress conditions and showed it to be a consequence of (1) nitrosylation of its catalytic Cys-150 (C150) and (2) interaction with the nuclear carrier Siah1, with Lys-225 Figure 5 . Oxidant treatments of recombinant GAPC1. A, Time-and concentration-dependent inactivation of recombinant GAPC1 by the NO donor DEA-NONOate. B, Time-and concentrationdependent inactivation of recombinant GAPC1 by H 2 O 2 . C, Reversibility of DEA-NONOate treatment. Recombinant GAPC1 was incubated for 10 min with 0.5 mM DEA-NONOate, and the reversibility of GAPC1 inactivation was then assessed by incubation for 10 min in the presence of 20 mM DTT. D, Reversibility of H 2 O 2 treatment. Recombinant GAPC1 was incubated for 10 min with 0.1 mM H 2 O 2 , and the reversibility of GAPC1 inactivation was then assessed by incubation for 10 min in the presence of 20 mM DTT. E, Effect of cadmium treatment on GAPC1 activity. Recombinant GAPC1 was incubated with 0.1 mM cadmium for 10 min. The reversibility of the treatment was assessed by incubating the protein with 20 mM DTT after exposure to 0.1 mM cadmium for 10 min. Aliquots of the incubation mixtures were withdrawn at the indicated time points, and the NADH-dependent activity was determined. Data are represented as the mean percentage of maximal control activity 6 SD. [See online article for color version of this figure.] (K225) of GAPDH being required for such binary complex formation. Based on these findings, the following point mutations were introduced in the pGAPC1::GAPC1-YFP expression cassette: C155S (catalytic Cys, also known as Cys-149, based on the numbering of crystallized GAPDH from Bacillus stearothermophilus; Biesecker et al., 1977; Bedhomme et al., 2012) , C159S, C155/C159S, and K230A (K230 is homologous to the Lys involved in GAPDH-Siah1 binding in animal GAPDH). Arabidopsis protoplasts were transiently transformed, and subcellular localization analyses demonstrated that all mutated GAPC1 forms were localized mainly in the cytosol, because we failed to detect any signal in the nucleus (Supplemental Fig. S5 ). Generation of stable transgenic lines by transforming wild-type plants with the four different constructs allowed testing nuclear relocalization upon cadmium treatments. Accumulation of GAPC1-YFP in cadmium-treated plants was confirmed, but also nuclear relocalization was maintained in each mutant, at a similar extent to that observed in the original pGAPC1::GAPC1-YFP plants (Supplemental Fig. S6 ).
However, because GAPC1 is a tetrameric protein, we speculated that wild-type GAPC1 subunits might build spurious GAPDH tetramers with mutated GAPC1-YFP subunits in transgenic plants, thus preventing a clear-cut interpretation of the relocalization experiments. To overcome this problem, plants expressing the chimeric proteins (GAPC1-YFP and GAPC1-C155S-YFP) were crossed with gapc1 plants. F2 lines with no wildtype GAPC1 alleles were then selected (GAPC1::GAPC1-YFP-gapc1-/-and GAPC1::GAPC1-C155S-YFP-gapc1-/-). Reevaluation of the effect of cadmium treatments on these plants revealed that nuclear accumulation of GAPC1-YFP was higher in gapc1 than in the wild-type background (Fig. 7C) . Interestingly, the absence of wildtype GAPC1 (gapc1 background) allowed to detect a clear positive effect of C155S mutation on the extent of nuclear accumulation (Fig. 7C) , i.e. exactly the opposite of what previously suggested by works on different systems (Hara et al., 2005; Kornberg et al., 2010) , and this effect was observed both in the absence or in the presence of cadmium. 
DISCUSSION
Increasing attention has been recently paid to the study of "new roles" played by "old enzymes." An emerging idea is that certain enzymes, so far only considered as key players in fundamental metabolic pathways, may play different roles in signal transduction or other stressrelated responses. To recognize their versatility, these have been named moonlighting proteins (Jeffery, 1999; Huberts and van der Klei, 2010; Sirover, 2011) and different mechanisms were proposed for the control of their moonlighting activity, chiefly posttranslational modifications and protein-protein interactions (Moore, 2004) . Several reviews, largely inspired by studies on the animal field, have recently proposed plant GAPDH as an example of a moonlighting protein and S-nitrosylation of its catalytic Cys as a possible means to control GAPDH moonlighting activities (Astier et al., 2011; Gaupels et al., 2011) . However, despite a general interest in nonglycolytic roles of plant GAPDHs, few reports have experimentally addressed the topic.
Cadmium, a well-known inducer of oxidative stress (De Michele et al., 2009) , is shown here to induce a production of NO in root tip cells of Arabidopsis seedlings (DAF-FM diacetate probe) and to cause cytosolic oxidation as determined by the redox probe roGFP2. Arabidopsis plants express two different cytosolic GAPDHs, GAPC1 and GAPC2, each accounting for nearly 50% of total NADH-specific GAPDH activity in whole seedlings. Both GAPC1 and GAPC2 transcripts were up-regulated by cadmium, but GAPC1 was the more responsive between the two genes. Further studies on GAPC1 gene expression and protein accumulation were thus conducted with the help of Arabidopsis transgenic lines expressing either the GUS transcriptional reporter or the GAPC1-YFP translational reporter. With these plants, we could show that cadmium induced the activation of the GAPC1 promoter, and the accumulation of the GAPC1-YFP chimeric protein, in the same root cells where NO and cytosolic oxidation also increased. Cytosolic oxidation could also be induced by the catalase inhibitor 3-AT or BSO, an inhibitor of glutathione biosynthesis, and again this condition was associated to GAPC1 accumulation in root tips. However, the relationship between cadmium and GAPC1 in Arabidopsis plants is made complicated by the fact that cadmium, in vivo, seems to cause GAPC1 inactivation, concomitantly with the induction of GAPC1 protein accumulation. In vitro experiments showed that GAPC1 enzyme activity is insensitive to cadmium but rapidly inactivated by oxidants such as NO or H 2 O 2 . In principle, GAPC1 oxidative inactivation should be countered in vivo by glutathione, either directly or through glutaredoxins. However, in root tips of cadmium-treated seedlings, the glutathione pool is probably not reduced enough to keep active this recovery system, as suggested by the progressive oxidation of the roGFP2 probe. This conclusion fits with our observations that cadmium induced in vivo an accumulation over time of chimeric GAPC1-YFP where the YFP signal is inside the nucleus. Note the presence of ectopic root hairs as typical feature of cadmium treatment. C, Effect of mutation of Cys-155 on movement of the protein into the nucleus. Seven-day-old Arabidopsis pGAPC1::GAPC1-YFP, pGAPC1::GAPC1-YFP 3 gapc1, pGAPC1:: GAPC1-C155S-YFP, and pGAPC1::GAPC1-C155S-YFP 3 gapc1 transgenic seedlings were treated with 0.1 mM cadmium for 72 H, and root tips were analyzed by means of confocal microscope. White circles indicate cells that present GAPC1-YFP nuclear accumulation. In the graph, values represent mean 6 SD of the percentages of cells presenting GAPC1-YFP nuclear accumulation. Asterisks indicate values that are significantly different from those found in control roots as calculated by Student's t test (*P , 0.001). Black squares indicate values that are significantly different from those found in the pGAPC1:: GAPC1-YFP 3 gapc1 transgenic line as calculated by Student's t test (P , 0.05). Dagger indicates values that are significantly different from those found in pGAPC1::GAPC1-C155S-YFP transgenic line as calculated by Student's t test (P , 0.001).
( Fig. 3C) , without significantly increasing GAPC1 activity (Fig. 4D) . Perhaps the oxidative stress conditions imposed by cadmium activate a signaling cascade that enhances GAPC1 expression to compensate its ongoing inactivation. Interestingly, similarly to our results with cadmium, salt stress has been shown to induce, in Arabidopsis root cells, the accumulation of GAPC1 and proteins involved in ROS scavenging (Jiang et al., 2007) .
Though normally considered cytosolic, GAPC was proposed to be localized in the nucleus of plant cells, and nuclear localization of a glycolytic enzyme is taken as a hint of moonlighting activity. Anderson et al. (2004) have shown by immunogold localization the presence of GAPC both in the cytosol and the nucleus of pea leaf cells. Holtgrefe et al. (2008) have proposed that, in Arabidopsis protoplasts, both GAPC1 and GAPC2 could localize also in the nucleus, in addition to the cytosol, and bind DNA. In the same Arabidopsis system, tobacco (Nicotiana tabacum) cytosolic GAPDH was shown to interact, both in the cytosol and in the nucleus, with an osmotic stress-activated protein kinase (NtOSAK) from tobacco too (Wawer et al., 2010) . Although complex formation in the nucleus was not unaffected by stress conditions or NO donors, the interaction was abolished when both active-site cysteines of GAPDH were mutated into serines (Wawer et al., 2010) . These studies were performed with Arabidopsis protoplasts expressing GAPDH under the control of the p35S promoter (Holtgrefe et al., 2008; Wawer et al., 2010) , and in similar experiments, we could nicely confirm the nuclear localization of GAPC1-YFP expressed under the control of p35S (data not shown). However, replacing this constitutive strong promoter with the GAPC1 endogenous promoter largely prevented, in control conditions, the nuclear accumulation of GAPC1 (Supplemental Fig. S5 ). We therefore suspect that, in transiently transformed protoplasts with a strong promoter such as p35S, nuclear GAPDH accumulation could be a mere consequence of its overexpression. To overcome this problem, we generated stable transgenic lines expressing GAPC1-YFP under the control of the endogenous GAPC1 promoter. These plants proved instrumental to investigate GAPDH subcellular localization under both control and stress conditions. Nuclear localization of GAPC1-YFP in pGAPC1::GAPC1-YFP Arabidopsis plants was monitored in root tips and found to be very rare in seedlings grown under control conditions, but strongly stimulated by cadmium treatments.
Cadmium-induced nuclear relocalization of GAPC1 in Arabidopsis root tips is reminiscent of the nuclear relocalization of GAPDH described by Hara et al. (2005) in mammalian cells challenged with different types of stimuli. In the mammalian system, GAPDH needs to be nitrosylated on its catalytic Cys before forming a binary complex with Siah1 that can move into the nucleus, where the ubiquitinating activity of Siah1 is exerted. In spite of superficial analogies, our results on the Arabidopsis system challenged with cadmium underpin some crucial differences. In the search for unambiguous results, the GAPC1-YFP chimera was introduced into a gapc1 background and it was demonstrated that cadmium-induced nuclear localization of GAPC1 was not inhibited, but rather stimulated, by the substitution of the catalytic Cys C155 with a Ser. Based on this unexpected result, we could rule out that S-nitrosylation or any other type of redox modification of the catalytic Cys is an essential prerequisite for binding with a putative partner protein that allows relocalization of GAPC1 into the nucleus. It is possible, however, that inactivation of the enzyme, either by redox modification or by mutagenesis, may be a sufficient condition to drive GAPDH into the nucleus. In animal cells, mechanisms independent on S-nitrosylation of catalytic Cys were also proposed for nuclear localization of GAPDH under several conditions (Sirover, 2011) . Interestingly, Wawer et al. (2010) also found that nuclear localization of the GAPDH-NtOSAK complex was not stimulated by NO donors, though complex formation did depend, somehow, on GAPDH catalytic Cys. Interestingly, in mammalian cells, several nonmetabolic functions have been reported for GAPDH in the nucleus, including posttranscriptional regulation and apoptosis (Sirover, 2011; Tristan et al., 2011) . The demonstration that mammalian and also chloroplastic GAPDHs have uracil glycosylase activity (Wang et al., 1999; Mazzola and Sirover, 2003) opens an interesting scenario on a possible role played by the GAPC1 in the nucleus. The uracil glycosylase activity of GAPDH is associated with its monomeric form present in the nucleus (Mazzola and Sirover, 2003) , whereas the glycolytic cytosolic form is tetrameric. Bearing in mind that the uracil glycosylase activity is important for the maintenance of DNA integrity and is necessary to prevent mutagenesis by eliminating uracil from DNA molecules, it is possible that the nuclear accumulation we observed for GAPC1 may fit with the cell requirement of preventing possible DNA damaging due to oxidative stress.
Whatever the mechanism, we show in this work that GAPC1, in addition to its glycolytic function, may well behave as a moonlighting protein involved in an oxidative stress-signaling pathway. Oxidative stress conditions, in our case promoted in vivo by cadmium treatments, induce the expression of GAPC1, but the protein accumulates as inactive form and is relocalized into the nucleus. The complex relationships between GAPC1 and the cellular redox environment suggest that it may act as an oxidative stress sensor.
The understanding of the mechanisms involved in GAPC1 nuclear relocalization and the role played by GAPC1 in the nucleus, along with the study of the role played by redox posttranslational modifications, will be important topics to investigate in the future. Future research will be also addressed to discovery, by means of proteomic approaches, which are the proteins that might interact with GAPC1 during oxidative stress and are potentially responsible for its nuclear accumulation.
The transgenic lines generated would be helpful in such analyses.
MATERIALS AND METHODS
Plant Material and Growth Conditions
All the Arabidopsis (Arabidopsis thaliana) plants used in this study were of the Columbia ecotype. Plants were grown on Jiffy-Pot (http://www.jiffypot. com/) under 16-h/8-h cycles of white light (approximately 75 mE) at 22°C. Seedlings were grown in vitro for the selection of transformants and experiments. Seeds were surface-sterilized and, after cold treatment for 2 to 3 d, were exposed to 16-h/8-h cycles of white light approximately 75 mE) in growth chambers. Seeds were grown at 23°C on vertical plates containing one-halfstrength Murashige and Skoog medium (Murashige and Skoog, 1962) including 0.8% (w/v) agar (Duchefa). The medium was enriched with 0.1% (w/v) Suc and 0.05% (w/v) MES. The pH of the media was adjusted to 6.0 6 0.1 with 0.5 N KOH before autoclaving at 121°C for 20 min. Seeds of the transgenic roGFP2 Arabidopsis line (Meyer et al., 2007) were provided by Markus Schwarzländer. Seeds of gapc1 and gapc2 Arabidopsis transfer DNA (T-DNA) insertional mutant lines were from the SALK Institute (SALK_010839 and SALK_016539, respectively).
Genotyping of Insertional gapc1 and gapc2 Mutants
T-DNA insertion mutant lines gapc1 (SALK_010839) and gapc2 (SALK_ 016539) were selected from the Salk collection (Alonso et al., 2003) . GAPC1 gene (At3g04120) is composed of nine exons, and the gapc1 insertion line SALK_010839 presents the T-DNA insertion in the ninth exon (Fig. 4A) . This line is a single T-DNA insertion line and was previously isolated and characterized (Rius et al., 2008) . The GAPC2 gene (At1g13440) is composed of 11 exons, and the T-DNA insertion in the SALK_016539 line is located in the sixth exon (Fig. 4A ) and was previously isolated and characterized (Guo et al., 2012) .
The wild-type GAPC1, GAPC2, and T-DNA insertion gapc1 and gapc2 alleles were identified using PCR with the following primers: LP-GAPC1 (59-CCGCACATCTGTTAATGAATTTC-39) and RP-GAPC1 (59-CTCAGAA-GACTGTTGATGGGC-39) to identify GAPC1 wild-type alleles, LP-GAPC2 (59-GGTTAGGACTGAGGGTCCTTG-39) and RP-GAPC2 (59-GGCATCAGG-TACATAATCATGG-39) to identify GAPC2 wild-type alleles, and LBa1-SALK (59-TGGTTCACGTAGTGGGCCATCG-39) with RP-GAPC1 (59-CTCAGAA-GACTGTTGATGGGC-39) or RP-GAPC2 (59-GGCATCAGGTACATAATCATGG-39) to identify, respectively, gapc1 and gapc2 mutated alleles.
Enzyme Analyses
For the analyses of GAPDH activities, 400 7-d-old Arabidopsis seedlings were pooled and homogenized in 50 mM Tris-HCl (pH 7.4) and 0.05% (w/v) Cys at 4°C. After centrifugation at 16,100g for 20 min at 4°C, the protein content was quantified according to the method of Bradford (1976) . GAPDH activity was monitored spectrophotometrically at 340 nm and 25°C in a reaction mixture containing 50 mM Tris-HCl (pH 7.5), 5 mM MgCl 2 , 3 mM 3-phosphoglycerate, 1 mM EDTA, 5 units mL -1 of 3-phosphoglycerate kinase (from rabbit muscle; Sigma), 2 mM ATP, and 0.2 mM NADH. For calculations, an extinction coefficient of 340 for NADH of 6.23 mM -1 was used. The NADHdependent GAPDH activity of crude extracts may depend on both NADHspecific GAPDH (i.e. glycolytic isoforms) and NAD(P)H-GAPDH isoforms of the Calvin-Benson cycle. The maximal NADPH-dependent GAPDH activity was assayed as above, except that 0.2 mM NADPH substituted NADH and the extracts were incubated with a 1,3-bisphosphoglycerate generating system for 10 min before assaying. Because the NADH activity of fully activated NAD(P)H-GAPDH is approximately one-third of its NADPH activity (Sparla et al., 2005) , the activity of glycolytic GAPDH isoforms was estimated by subtracting one-third of the fully activated NADPH activity from the total NADH activity of the crude extract.
Detection of NO Production
For detection of NO production, 7-d-old Arabidopsis seedlings were incubated with the cell-permeable fluorescent probe DAF-FM diacetate (Alexis Biochemicals), with a final concentration of 5 mM in the loading buffer solution (0.25 mM KCl, 1 mM CaCl 2 , and 5 mM MES-KOH, pH 5.7) for 15 min. Seedlings were then washed three times with fresh buffer and examined by confocal microscope as previously reported (Zottini et al., 2007) .
RNA Isolation and cDNA Synthesis
Seven-day-old Arabidopsis seedlings were harvested, frozen in liquid nitrogren, and stored at -80°C. The frozen samples were powdered in liquid nitrogen , and RNA was isolated with the TRIzol method. Then, the total RNA was purified using an RNeasy kit, including DNase digestion (Qiagen). Complementary DNA (cDNA) was synthesized by ImProm-II Reverse Transcriptase (Promega) from 1 mg of purified RNA.
Quantitative Real-Time RT-PCR Primer
The quantitative real-time RT-PCR expression analysis of GAPC1 and GAPC2 genes was performed using the following primers: GAPC1-F (GAGGT-GATGGGAGTTTGTAGAC) and GAPC1-R (TACGTCATCATCAACGGG) for the expression analysis of the GAPC1 gene, GAPC2-F (TGCGCAGTCATGA-GAGTT) and GAPC2-R (AGTTGCCAGTTGGGTTTG) for the expression analysis of the GAPC2 gene, and EF-1a-F (TGAGCACGCTCTTCTTGCTTTCA) and EF1a-R (GGTGGTGGCATCCATCTTGTTACA) for the expression analysis of the elongation factor1a (EF1a) gene.
RNA Analysis
Quantitative real-time RT-PCR using FAST SYBR Green I technology was performed on an ABI PRISM 7500 sequence detection system (Applied Biosystems) using the following cycling conditions: initial denaturation at 95°C for 10 min, 40 cycles of 15 s at 95°C, and 1 min at 60°C, followed by melt-curve stage analysis to check for specificity of the amplification.
The reactions contained Power SYBR Green PCR Master Mix (Applied Biosystems), 300 nM of gene-specific forward and reverse primers, and 1 mL of the diluted cDNA in a 20-mL reaction. The negative controls contained 1 mL RNase-free water instead of the cDNA. The primer efficiencies were calculated as E = 10 -1/slope on a standard curve generated using a 4-or 2-fold dilution series over at least five dilution points of cDNA. The expression analysis of GAPC genes was performed by the Pfaffl method, using EF1a as the reference gene (Pfaffl, 2001; Remans et al., 2008) .
Genetic Materials
The Arabidopsis GAPC1 coding sequence was amplified by PCR from Arabidopsis cDNA using the following primers where the NcoI sites were introduced: forward 59-CATGCCATGGCTGACAAGAAGATTAGG-39 and reverse 59-CATGCCATGGCGGAGGCCTTTGACATGTGGACGATCAA-39. The Arabidopsis GAPC1 promoter sequence (-633 bp to -1 bp) was amplified by PCR from Arabidopsis genomic DNA using the following primers where the EcoRI site was introduced: forward 59-CATGGAATTCCGAGTTTTTGATAGGGACTTTT-GCT-39 and reverse 59-CATGGAATTCTGTAGAATCGAAAACGAGAGTTAGA-39.
DNA Constructs
For the expression of the GUS transcriptional reporter and the GAPC1-YFP translational reporter genes, the pGreen0029 (Hellens et al., 2000) binary vector was used.
To isolate the GAPC1 promoter, we amplified by PCR 633 bp upstream of the GAPC1 ATG start codon. The amplicon was digested with EcoRI and ligated into a modified pGreen0029 binary vector upstream of the GUS coding sequence fused with the nopaline synthase terminator (Valerio et al., 2011) . The obtained vector was named pGAPC1-GUS.
To obtain the pGreen0029-p35S::GAPC1-YFP binary vector, the GAPC1 coding sequence was amplified by PCR using as a template the cDNA obtained by the retrotranscription of total RNA extracted by 4-week-old Arabidopsis leaves. The GAPC1 amplicon was digested with the NcoI enzyme and ligated upstream of the YFP coding sequence in the pGreen-p35S:: YFP plasmid (Valerio et al., 2011) . The pGreen0029-pGAPC1::GAPC1-YFP binary vector was constructed introducing the GAPC1 promoter sequence upstream of the GAPC1-YFP coding sequence by replacing the 35S promoter using the EcoRI restriction sites.
To study the role of specific GAPC1 residues, several transgenic Arabidopsis lines carrying the pGAPC1::GAPC1-YFP expression cassette mutated in the GAPC1 sequence were produced. The introduction of specific mutations in the GAPC1 sequence was carried out as described by Makarova et al. (2000) with some modifications. The mutagenesis was performed by PCR reaction using 0.5 mg of pGreen0029-pGAPC1::GAPC1-YFP binary vector as template in a reaction volume of 25 mL containing 0.5 units Phusion High-Fidelity DNA Polymerase (Finnzymes), 0.2 mM deoxynucleotide triphosphates, and 0.2 mM of primer harboring the specific mutation(s). To introduce the mutations C155S, C159S, and K230A and the double mutation C155S-C159S, the following primers were used: 59-CATTGTCTCCAACGCTAGCTCCACCACTAACTGCCTTGCTC-39, 59-CG-CTAGCTGCACCACTAACTCCCTTGCTCCCCTTGCCAAGG-39, 59-CTCCAA-CGCTAGCTCCACCACTAACTCCCTTGCTCCCCTTG-39, and 59-GCTTCCA-GCTCTTAACGGAGCATTGACTGGAATGTCTTTCC-39, respectively. The PCR reaction was performed using the following cycling conditions: initial denaturation at 95°C for 3 min, 18 cycles of 15 s at 95°C, 1 min of annealing at 61°C, 5 min of extension at 72°C, and a final step of 10 min at 72°C. Then, the PCR product was treated with DpnI endonuclease for 2 h at 37°C. Finally, 2 mL of digested DNA was transformed into Escherichia coli XL1 Blue supercompetent cells.
Agrobacterium tumefaciens Strains
For the use of pGreen-derived binary vectors, the A. tumefaciens GV3101-pSoup strain was used (Hellens et al., 2000) . Binary vectors were introduced in A. tumefaciens GV3101 strain by freeze-thaw method. One microgram of plasmid DNA was added to the competent cells, frozen in liquid nitrogen for 5 min, and shocked at 37°C for 5 min. The bacterial culture was incubated at 28°C for 3 h with gentle shaking in 1 mL yeast extract peptone medium ( NaCl, pH 7.0) and then spread out on a yeast extract peptone agar plate containing the appropriate antibiotic selection (50 mg
rifampicin, 50 mg L -1 kanamycin, and 5 mg L -1 tetracycline).
Transgenic Plants
Transgenic Arabidopsis plants were generated by floral dip method (Clough and Bent, 1998) using transformed A. tumefaciens strain GV3101. Transformed seedlings were selected on medium supplemented with 50 mg mL -1 kanamycin. For each construct, different Arabidopsis independent transgenic lines were isolated. None of the transgenic lines selected, with the different constructs, showed phenotypic differences or abnormalities in our standard growth conditions. Among 12 independently isolated lines transformed with the pGAPC1::GUS expression cassette, 11 of them showed a similar expression pattern (Supplemental Fig. S2A ). Seventeen independent transgenic lines transformed with the pGAPC1:: GAPC1-YFP expression cassette were isolated, and all of them showed a similar expression pattern based on the YFP fluorescence analyses (data not shown). Expression of GAPC1-YFP chimeric protein was confirmed by immunoblot analysis with anti-GFP antibodies of protein extracts from three independent lines (Supplemental Fig. S2B ). The immune detection was revealed by alkaline phosphatase reaction.
Detection of GAPC1-YFP by Immunoblot Analysis
For the quantification of GAPC1-YFP induction in root tips, 500 roots of 7-d-old seedlings for each condition, control or treated for 72 h with 0.1 mM cadmium, were harvested and homogenized in 250 mL of protein extraction buffer (0.320 M Suc, 50 mM Tris, pH 7.4, 1 mM EDTA, 10 mM DTT, 1 mM phenylmethanesulfonylfluoride, and 5% [w/v] polyvinylpyrrolidone). The homogenate was centrifuged at 2,000 rpm for 2 min at 4°C to eliminate debris. The supernatant was centrifuged at 10,200 rpm for 20 min at 4°C, and the supernatant was collected. Protein concentration was determined by the Bradford (1976) method, using the Bio-Rad protein assay. Two and one-half micrograms of extracted proteins were separated by SDS-PAGE with precasted ProGel Tris-Gly Gradient Gels 4% (w/v) to 12% (w/v) Tris/Gly Gels (anamed Elektrophorese), transferred to polyvinylidene fluoride 0.2-mm membrane (Bio-Rad), and analyzed with antibodies raised against GFP (Invitrogen). Equal loading of proteins was checked by staining an equally loaded gel with Coomassie Blue.
The chemiluminescence analysis (Fig. 3D) was performed by using a horseradish peroxidase-conjugated secondary antibody detected with the ECL Western Blotting Detection System by Pierce (Thermo Fisher Scientific).
GUS Staining and GUS Activity Assay
Histochemical analyses of the transcriptional reporter GUS and measurement of GUS enzymatic activity were performed as described by Jefferson et al. (1987) .
Samples for histochemical analysis of GUS activity were fixed by 30-min vacuum infiltration in the fixation solution (50 mM phosphate buffer, pH 7.2, 1.5% [v/v] formaldehyde, and 0.5% [w/v] Triton X-100), and then the samples were washed three times with 50 mM phosphate buffer (pH 7.2) and vacuum infiltrated for 15 min in the reaction mixture containing 50 mM phosphate buffer (pH 7.2), 1 mM 5-bromo-4-chloro-3-indolyl-b-D-glucuronic acid, 0.5 mM K 3 Fe(CN) 6 , 0.5 mM K 4 Fe(CN) 6 $3H 2 O, and 0.5% (w/v) Triton X-100. Then, the samples were incubated at 37°C overnight or for 20 min for qualitative or semiquantitative analyses, respectively. Samples were cleared by washing them in a methanol:acetic acid solution (3:1, v/v).
For GUS enzymatic activity assay, 300 roots of 7-d-old seedlings treated up to 72 h were homogenized in 2 mL of GUS extraction buffer (50 mM NaH 2 PO 4 , pH 7.0, 0.1% [w/v] sodium lauryl sarcosine, 20% [v/v] methanol, 10 mM b-mercaptoethanol, and 10 mM EDTA). The homogenate was centrifuged at 400g for 2 min at 4°C to eliminate debris. The supernatant was centrifuged at 14,000 rpm for 15 min at 4°C, and the supernatant was collected. Protein concentration was determined by the Bradford (1976) method, using the BioRad protein assay.
An appropriate amount of sample was incubated in the reaction solution (GUS extraction buffer and 2 mM 4-methylumbelliferyl-b-D-glucuronide trihydrate) for 1 h at 37°C. Aliquots were collected and mixed with stop reaction buffer (0.2 M Na 2 CO 3 ) every 15 min starting from time zero. Fluorescence of the samples collected was measured with excitation at 365 nm and emission at 455 nm on a Luminescence Spectrometer LS 55 (PerkinElmer).
Confocal Microscopy Analyses
Confocal microscopy analyses were performed using a Nikon PCM2000 (Bio-Rad) and an inverted SP5II laser scanning confocal imaging system (Leica). For DAF-FM detection, excitation was at 488 nm and emission between 515 and 530 nm. To extract quantitative data, pixel values were measured over root regions, which were located manually on confocal images and calculated using ImageJ bundle software (http://rsb.info.nih.gov/ij/). For NO and GAPC1-YFP detection, 15 roots from three independent experiments were observed. Then, quantitative fluorescence values of root pictures were determined by analyzing pixel intensity. Data were expressed as (fluorescence intensity of treated root)/(fluorescence intensity of control root) ratios.
roGFP2 Microscopy Analyses
For roGFP2 ratiometric analysis, the seedling roots were imaged in vivo by a Nikon Ti-E inverted fluorescence microscope with a Nikon CFI Plan Apo VC 203 Air 0.75-numerical aperture dry objective. Excitation light was produced by a Prior Lumen 200 PRO fluorescent lamp. The roots were excited at 470/40 nm and then at 405/40 nm, and for both excitation wavelengths, roGFP2 fluorescence was collected with a band-pass filter of 505 to 530 nm. Filters and dichroic mirrors were purchased from Chroma. The fluorescences emitted were collected with an Hamamatsu Dual CCD Camera ORCA-D2. Exposure time was 30 ms with a 232 CCD binning for the 470/40 nm excitation and 300 ms with a 232 CCD binning for the 405/40 nm excitation. The images where acquired every 5 s for a total time of 90 s. NIS-Elements (Nikon) was used as a platform to control microscope, illuminator, camera, and postacquisition analyses.
As regards time-course experiments, fluorescence intensity was determined in the transition/elongation zone of the seedlings' root tip. The background was subtracted, and the two emissions of the analyzed roots were used for the ratio calculation and eventually normalized to the initial ratio. 
Inactivation Treatments of Recombinant GAPC1
Before any treatments, recombinant GAPC1 was incubated with 10 mM DTT for 30 min at room temperature for reduction. Thereafter, DTT was removed by desalting on NAP-5 columns equilibrated with 50 mM BisTris buffer (pH 7.0). Reduced GAPC1 (2.5 mM final concentration) was incubated in 50 mM BisTris buffer (pH 7.0) supplemented with 0.14 mM NAD + in the presence of different concentrations of DEA-NONOate (diazeniumdiolate) diethylammonium salt or H 2 O 2 . At indicated time, an aliquot of the sample was withdrawn for the assay of enzyme activity as described above. The reversibility of GAPC1 inactivation (10-min incubation with 0.5 mM DEA-NONOate or 0.1 mM H 2 O 2 ) was assessed by measuring GAPC1 activity after incubation for 10 min in the presence of 20 mM DTT. Reduced GAPC1 was also incubated in 50 mM BisTris buffer (pH 7.0) supplemented with 0.14 mM NAD + in the presence of 0.1 mM cadmium. After 10-min incubation, an aliquot of the sample was withdrawn for the assay of enzyme activity as described above. The reversibility of the treatment (10-min incubation with 0.1 mM cadmium) was assessed by measuring GAPC1 activity after incubation for 10 min in the presence of 20 mM DTT.
Generation of Arabidopsis Transgenic Lines Expressing Transgenes in gapc1 Mutant Background
The transgenic Arabidopsis gapc1 mutant plants stably transformed with pGAPC1::GAPC1-YFP and pGAPC1::GAPC1(C155S)-YFP were obtained by crossing their mature flowers: ovary of pGAPC1::GAPC1-YFP and pGAPC1:: GAPC1-C155S-YFP were pollinated by brushing them with stamens of fully mature flowers from Arabidopsis gapc1 mutant plants. Seeds obtained were sown, and seedlings were selected by using PCR analyses.
Statistical Analysis
Pictures shown in the figures are representative of at least 15 roots from three independent experiments, and values reported in the graph represent mean 6 SD. The statistical significance of differences was evaluated by Student's t test.
Supplemental Data
The following materials are available in the online version of this article.
Supplemental Figure S1 . Evans blue staining of Arabidopsis roots exposed to cadmium.
Supplemental Figure S2 . Validation of the pGAPC1::GUS and pGAPC1:: GAPC1-YFP transgenic lines produced.
Supplemental Figure S3 . Characterization of GAPC1 promoter activity pattern.
Supplemental Figure S4 . Quantitative real-time RT-PCR expression analysis of GAPC genes in Arabidopsis wild-type seedlings.
Supplemental Figure S5 . Transient expression of mutated GAPC1-YFP chimeric proteins in Arabidopsis protoplasts.
Supplemental Figure S6 . Wild-type and mutant GAPC1-YFP chimeric proteins accumulate in the nucleus of cadmium-treated root cells in a similar way.
